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pH regulation in an acidophilic green alga – a quantitative
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• Short-term cytosolic pH regulation has three components: H+ binding by buffering
groups; H+ transport out of the cytosol; and H+ transport into the vacuole. To understand the large differences plants show in their tolerance to acidic environments,
these three components were quantified in the acidophilic unicellular green alga
Eremosphaera viridis.
• Intracellular pH was recorded using ion-selective microelectrodes, whereas constant doses of weak acid were applied over different time intervals. A mathematical
model was developed that describes the recorded cytosolic pH changes. Recordings
of cytosolic K+ and Na+ activities, and application of anion channel inhibitors, revealed
which ion fluxes electrically compensate H+ transport.
• The cytosolic buffer capacity was β = 30 mM. Acidification resulted in a substantial
and constant H+ efflux that was probably driven by the plasmalemma H+-ATPase,
and a proportional pH regulation caused by H+ pumped into the vacuole. Under
severe cytosolic acidification (≥ 1 pH) more than 50% of the ATP synthesized was
used for H+ pumping. While H+ influx into the vacuole was compensated by cation
release, H+ efflux out of the cell was compensated by anion efflux.
• The data presented here give a complete and quantitative picture of the ion fluxes
during acid loading in an acidophilic green plant cell.

Introduction
All living cells maintain a cytosolic pH close to neutrality. Protoncoupled transport processes and H+-consuming or H+-generating
metabolic reactions continuously threaten to change the cytosolic
pH, which has to be kept constant within narrow limits. In
plant cells, sudden illumination or darkening causes significant
cytosolic pH changes that are compensated within a few minutes
(Guern et al., 1991; Bethmann et al., 1998). There is increasing
evidence that changes in cytosolic pH are a functional part of
intracellular signal transduction (Felle, 2001).
Artificial cytosolic pH changes caused by the application of
weak lipophilic acids (Fig. 1) have been used for decades to
investigate the mechanism and potential of short-term cytosolic
pH regulation (McLaughlin & Dilger, 1980; Frachisse et al.,
1988). The principal components of this short-term ‘biophysical’ pH regulation (Smith & Raven, 1979) are: H+ binding by
cytosolic buffering groups; and H+ transport out of the cytosol,
either across the plasma membrane or across the vacuolar
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membrane. The transmembrane H+ fluxes have to be electrically compensated by other ion fluxes (e.g. parallel anion fluxes
or opposite cation fluxes). While the fundamental mechanisms
of short-term pH regulation are well established, in plant cells
we are lacking a comprehensive quantitative model of the
processes involved.
Algae and higher plants show considerable variation in their
tolerance to acidic environments; some algae can even live at
pH 3.0 and lower (Weber et al., 2007). We are only beginning
to understand the physiological differences causing this variation in acid tolerance (Messerli et al., 2005). Here, the acidophilic, unicellular green alga Eremosphaera viridis was used to
develop a comprehensive and quantitative picture for shortterm pH regulation. A mathematical model was developed to
calculate the following: the permeability of the plasma membrane for weak acid; the cytosolic buffer capacity; the amount
of H+ pumped out of the cell; and the amount of H+ pumped
into the vacuole. In this context the use of weak lipophilic acids
to determine cytosolic buffer capacities and the use of butyrate
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Fig. 1 Cytosolic acidification by weak acids. At the start (a) the
protonated, membrane-permeable form of the weak acid, acetic acid
(AcH), driven by its concentration gradient, diffuses into the cell.
Inside the cell, AcH dissociates into Ac− and H+, acidifying the cytosol.
Equilibrium (b) is reached when the concentration of AcH outside and
inside the cytosol is the same.

to ‘clamp’ the cytosolic pH are critically discussed. The ion
fluxes that accompany – and electrically compensate – regulatory H+ fluxes were identified. Based on this comprehensive
analysis, the ATP demand for short-term pH regulation is calculated. The quantitative analysis presented here provides a
solid foundation to investigate the role of cytosolic pH changes
in intracellular signaling, allows calculation of the bioenergetic
cost of pH regulation, and gives insight into cytosolic pH regulation in an acidophilic alga.

Materials and Methods
Plant material
The coccal green alga Eremosphaera viridis de Bary (LB 228-1;
Algal Culture Collection, Göttingen, Germany) was cultivated
as described previously (Köhler et al., 1983). Experiments were
performed in artificial pond water, containing 0.1 mM KNO3,
0.1 mM MgCl2, 0.2 mM CaCl2 and 2 mM Mes/NaOH pH
5.6 (∼0.4 mM Na+). Respiration rates and photosynthetic O2
evolution were measured using a Clark-type O2 electrode
(Bachofer, Reutlingen, Germany). Photosynthesis was measured
with saturating white light (350 W m−2) at a constant temperature of 20°C. O2 evolution rates were related to chlorophyll,
which was quantified after extraction in 80% acetone (Röbbelen,
1957).
Electrophysiological recordings
Experiments were performed with photosynthetically saturating
white light at a temperature of 20 ± 2°C under continuous
bath perfusion (200 ml h−1). At a bath volume of 0.2 ml,
complete exchange of bath solution (more than three bath
volumes) took 10–15 s. For impalements, algae with diameters
of at least 150 µm were selected (full-grown cells without
indications of cleavage), with a spherical shape and a dark green
color. Membrane resistance was measured with two impaled
microelectrodes; one electrode was used to inject a current of
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0.1 nA for 400 ms every 10 s while the other electrode registered
the resulting membrane potential change (membrane resistance
= membrane potential change/injected current). Intracellular
ion activities were measured using ion-selective liquid membrane
microelectrodes (Ammann, 1986), as described in detail earlier
(Bethmann et al., 1995, 1998). Sensors for ion-selective microelectrodes were from Fluka (H+ ionophore no. 95297, K+
ionophore no. 60398, 10% (w/w) Na+ ionophore ETH 227
in o-nitrophenyloctyl ether). Because ion-selective microelectrodes respond to ion activity as well as to membrane potential,
a synchronous measurement of the transmembrane electrical
potential has to be performed. This was carried out using a
separate voltage electrode or, alternatively, a theta-shaped doublebarreled glass-capillary containing both electrodes. See Bethmann et al. (1995) for a discussion of the advantages and
disadvantages of these two different approaches. Nonturgorresistant ion-selective microelectrodes were used. Impalement
was made possible by turgor reduction, which was achieved by
adding 400 mM sorbitol to artificial pond water (Bethmann
et al., 1995, 1998). As shown earlier (Thaler et al., 1992), neither
the steady-state value nor the light-dependent changes of the
membrane potential are altered by sorbitol at this concentration.
Also, photosynthetic O2 evolution and respiratory O2 consumption are not affected. Moreover, it was shown that turgor
decrease by high concentrations of nonelectrolytes does not
cause ion uptake in Eremosphaera (Frey et al., 1988). Electrode
potentials were measured using a high-input impedance
amplifier and registered by a pen recorder. Calibration of the
ion-selective electrode was performed before and after each
measurement. Ion activities are based on the calibration after
each recording, because small changes in electrode characteristics
can be caused by impalement. The resistance of the ion-selective
electrode was routinely checked during the experiment to ensure
the integrity of the sensor. Membrane potentials are related to
a reference point outside the cytosol (Bertl et al., 1992).
Data analysis and mathematical modeling
Results are stated as mean ± SE with the number of cells given
in parentheses. For kinetic analysis, original recordings (chart
paper) were scanned and image files were transformed into xy-data files using a program written by the authors. Nonlinear
regression analysis based on the Marquardt algorithm was
performed using graphpad prism 5.0 (GraphPad Software,
Inc., La Jolla, CA, USA). To model cytosolic pH changes Eqns
5 and 8 were solved numerically using mathematica 6
(Wolfram Research, Inc., Champaign, IL, USA).

Results
Cytosolic acidification by weak lipophilic acids
To investigate short-term cytosolic pH regulation in the acidophilic unicellular green alga E. viridis, the cytosol was acidified
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by adding the lipophilic weak acids acetate or propionate to
the perfusion solution (Fig. 1). To estimate the range where
cytosolic acidification had a physiological effect, dark respiration
was measured at different acetate concentrations. At an external
pH of 5.6, the perfusion of 0.1, 1.0 or 10 mM acetate (0.012,
0.12 or 1.2 mM membrane-permeable acetic acid (AcH),
respectively) had no significant effect on respiration in Eremosphaera. Instead of further increasing the acetate concentration
in the perfusion medium, the external pH was lowered to
pHout = 4.6 to increase the concentration of AcH, the protonated membrane-permeable form. At pH 4.6, the perfusion
of 10 mM acetate (5.9 mM AcH) resulted in a doubling of
the rate of respiration, from 1.4 to 2.8 mol O2 (mol Chl h)−1
(Supporting Information Fig. S1a). Propionate had an effect
on respiration that was comparable to that of acetate. Photosynthetic oxygen evolution at pHout = 4.6 was more sensitive
against perfusion of acetate. From a slight decrease at 2 mM
acetate, oxygen evolution had completely vanished at 10 mM
acetate (Fig. S1b). Millimolar concentrations of acetate at pHout
= 4.6 resulted in a cytosolic acidification that affected both
respiration and photosynthesis.
Control measurements showed that a decrease in the external
pH from 5.6 to 4.6 did not affect the rate of photosynthesis
(70 ± 5 mol O2 (mol Chl h)−1; n = 14) or the rate of respiration (approx. −2% of the photosynthesis rate; n = 16). Even
a decrease of the external pH value to 3.0 had no effect on
photosynthetic O2 evolution. A decrease of the external pH from
5.6 to 4.6 did result in a depolarization, ΔE = 11 mV, and a
slight decrease in plasma membrane resistance, but no significant change in cytosolic pH and K+ concentration (Table S1).
A decrease of the external pH from pH 5.6 to pH 3.6 resulted
in a more pronounced depolarization (ΔE = 19 ± 2 mV, n = 14)
of the plasma membrane and a small, but significant, cytosolic
acidification (ΔpHcyt = −0.09 ± 0.01, n = 14). Being adapted
to an acidic environment – Sphagnum bogs – Eremosphaera is
obviously little affected by a moderate acidification of the
perfusion medium.
Applying a constant dose of acetate over different time
intervals
To allow a quantitative analysis of cytosolic pH changes, constant
doses of the weak lipophilic acid acetate were applied to single
algal cells over different periods of time, as follows: 1 mM acetate
(AcH = 0.59 mM; pHout = 4.6) was perfused for 30 min, 2 mM
acetate (AcH = 1.17 mM) was perfused for 15 min, 4 mM
acetate (AcH = 2.34 mM) was perfused for 7.5 min, or 10 mM
acetate (AcH = 5.9 mM) was perfused for 3 min. By doubling
the external concentration of weak acid the driving force for
uptake, and thus the influx rate, was doubled. Reducing the
perfusion time to 50%, while doubling the influx rate, resulted
in the same total amount (constant dose) of weak acid loaded
into the cell. Using pH-selective microelectrodes the membrane
potential and the cytosolic pH value were recorded during the
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Fig. 2 Effect of acetate on membrane potential, E, and cytosolic pH
value, pHcyt. Acetate was applied at a constant dose by choosing the
perfusion time inversely proportional to the acetate concentration
(10 mM for 3 min, 4 mM for 7.5 min, 2 mM for 15 min and 1 mM
for 30 min). During the perfusion of 2 mM acetate, the light was
switched off for approx 3 min (illumination protocol indicated by
black and white bar) to elicit characteristic light-induced cytosolic pH
changes. Otherwise all experiments were performed under
photosynthetically saturating white light.

four different acetate perfusion regimes (Fig. 2). Obviously,
cytosolic acidification was not the same for the four different
perfusion protocols. At 1 mM acetate, cytosolic acidification
was rather small and was back regulated already during the
30-min perfusion interval. The membrane potential either
showed a slight hyperpolarization or a depolarization as it was
observed at higher acetate concentrations (Fig. 2). Increasing
acetate concentrations resulted in increasing rates of acidification,
increasing maximum acidifications at the end of acetate perfusion and increasing rates of recovery after acetate perfusion
was stopped. Recovery of cytosolic pH was usually complete
within 10 to 15 min (Fig. 2, Table 1). Control experiments with
2 and 10 mM propionate instead of acetate showed very similar
results with slightly increased cytosolic acidification.
To quantify the acidification that is caused by the application of a weak lipophilic acid, one starts with the Henderson–
Hasselbalch equation:

pH = pK + log

Ac −
⇔ Ac − = 10 pH − pK ⋅ AcH ,
AcH

Eqn 1

where Ac− and AcH are the concentration of the deprotonated
and the protonated form, respectively. With Ac− + AcH = Actot,
the Henderson–Hasselbalch equation can be rearranged into:
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Table 1 Effect of four different acetate concentrations on the cytosolic pH of Eremosphaera
[Acetate]

Acidification ΔpHP

Recovery ΔpHR

Rate of acidification ΔpH min−1

Rate of recovery ΔpH min−1

1 mM
2 mM
4 mM
10 mM

−0.13 ± 0.04 (n = 8)
−0.36 ± 0.06 (n = 11)
−0.76 ± 0.05 (n = 9)
−1.08 ± 0.02 (n = 15)

0.17 ± 0.05 (n = 4)
0.33 ± 0.05 (n = 7)
0.69 ± 0.08 (n = 7)
1.04 ± 0.08 (n = 8)

−0.024 ± 0.07 (n = 8)
−0.077 ± 0.01 (n = 11)
−0.17 ± 0.01 (n = 9)
−0.49 ± 0.04 (n = 15)

0.048 ± 0.01 (n = 4)
0.15 ± 0.01 (n = 8)
0.22 ± 0.01 (n = 9)
0.36 ± 0.04 (n = 8)

Acetate was applied at a constant dose by choosing a perfusion time inversely proportional to the acetate concentration (10 mM for 3 min,
4 mM for 7.5 min, 2 mM for 15 min and 1 mM for 30 min). The maximum (‘Peak’) acidification, ΔpHP, was determined as the difference
between the start pH and the lowest pH values measured immediately after stopping the perfusion of acetate. The recovery, ΔpHR, was
determined as the difference between the lowest pH values measured immediately after stopping the perfusion of acetate and the first stable
pH value measured a few minutes later. Rates were determined from the pH change over the first 2 min after changing the perfusion solution.

Fig. 3 Maximum cytosolic acidification, ΔpHP, as a function of
perfusion time, t. Acetate was applied at a constant dose by choosing
a perfusion time inversely proportional to the acetate concentration
(10 mM for 3 min, 4 mM for 7.5 min, 2 mM for 15 min and 1 mM
for 30 min). The data points were fitted by an exponential function
ΔpHP = off + B·exp(−t/t0) with off = −0.01, B = −1.40 and t0 = 11.7 min
(R2 = 0.997).

AcH =

Ac tot
Ac tot
or Ac − =
.
1 + 10 pH − pK
1 + 10 pK − pH

Eqn 2

When lipophilic weak acids are applied, it is usually assumed
that equilibrium (AcHcyt = AcHout; Fig. 1) is rapidly reached.
Knowing the cytosolic pH and the concentration of AcH at
equilibrium in the cytosol, the concentration of Ac− in the
− , can be calculated (Eqn 1). This concentration
cytosol, Ac cyt
corresponds to the amount of H+ loaded into the cell by the
dissociation of AcH. Assuming that during the time of weak
acid perfusion pH regulation can be neglected, the buffer
− /pH. Values calculated for β
capacity is calculated as β = Ac cyt
in this way (Table S2) range from β = 103 mM at 10 mM acetate
(3 min) to β = 1185 mM at 1 mM acetate (30 min). These
values are far too high and do depend on the duration of acetate
perfusion. Apparently, this simple approach is not suitable for
determining reliably the cytosolic buffer capacity. Probably
one, or even both (see below), of the initial assumptions –
equilibration and no significant pH regulation during the perfusion interval – are wrong.
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To analyze further the relation between the perfusion protocol and cytosolic acidification, the amplitude of maximum
cytosolic acidification, ΔpHP, was plotted against perfusion time,
t (Fig. 3). The shorter the perfusion time – and the higher the
external acetate concentration – the higher is ΔpHP, with an
extrapolated maximum of −1.4 pH units at perfusion time t = 0.
At the other extreme, if low acetate concentrations are perfused over correspondingly long periods of time, there is hardly
any cytosolic acidification. This indicates that simple models,
on how cytosolic acidification by weak acids works, do not
hold. If the assumptions of rapid equilibration of AcH and no
significant pH regulation during the acetate perfusion time did
hold, one would expect the same acidification for all perfusion
times because the total dose of H+ loaded into the cell is the
same for all four perfusion regimes. To describe how cytosolic
acidification by weak acids works, and to understand how pH
homeostasis in a green plant cell reacts to this acidification, a
quantitative model has to be developed.
A mathematical model for cytosolic pH changes caused
by weak acids
The total cytosolic concentration of weak acid, Actot, results from
influx of the acid, AcH, driven by the concentration difference,
AcHout – AcHcyt (Fig. 1). The permeability, P, of the plasma
membrane for the weak acid, the cell-surface area, A, and the
cytosolic volume, Vcyt, determine how rapidly Actot, increases.
This can be summarized as:

dAc tot
P⋅A
= ( AcH out − AcH cyt )
.
dt
Vcyt

Eqn 3

The cytosolic pH change, dpHcyt/dt, is caused by deprotonation
of acetic acid (Fig. 1), and is attenuated by the buffer capacity,
β:

dpH cyt
dt

=−

+
−
dH cyt
dAc cyt
1
1
⋅ =−
⋅ .
dt
dt
β
β

Eqn 4
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Fig. 4 Initial rate of cytosolic acidification, ΔpHcyt/Δt, as a function of
the external concentration of acetic acid, AcHout. Values for the
acidification rate over the first 2 min (after starting the perfusion of
acetate) from Table 1 were multiplied by a factor of 1.185 (according
to Fig. 3) to calculate initial acidification rates (ΔpHcyt/Δt at t = 0).
Data points were described by a linear trend line with a slope of
−0.1048 min−1 mM−1 and an offset of 0.0353 min−1, R2 = 0.9994.
The 95% CI for the y-axis intercept ranged from 0.0116 to
0.0606 min−1, and an F test gave a 2.4% probability for a straight line
through the origin (i.e. the y-axis intercept is significantly different
from zero).

Deprotonation of acetic acid entering the cytosol via the plasma
membrane is instantaneous (< 1 ns). Therefore, acidification
is initially restricted to the cytosol, and only once AcHcyt significantly increases does a delayed acidification of cellular organelles
occur (described later). The cytosolic buffer capacity, β, was
assumed to be constant and not dependent on cytosolic pH,
because titration experiments have indicated little pH dependency of β between pH 7.5 and 5.8 (Reid et al., 1989b;
Takeshige & Tazawa, 1989).
Substituting AcHcyt in Eqn 3 according to Eqn 2 results in:

dAc tot
Ac tot
P⋅A
= ( AcH out −
)
.
pH
−
pK
1 + 10
dt
Vcyt

Eqn 5

− in Eqn 4 according to Eqn 2 followed by
Substituting Ac cyt
differentiation and rearranging (see Supporting Information
Notes S1) results in:

dpH cyt
dt

Ac tot
− AcH out ) ⋅
1 + 10 pH − pK
1 + 10 pK − pH
⋅
(ln(10) ⋅10 pK − pH ⋅ Ac tot ) + (1 + 10 pK − pH )2 ⋅ β
P⋅A
.
Vcyt

=(

Eqn 6
Eqns 5 and 6 describe the cytosolic pH change caused by weak
+
−
= ΔAc cyt
acids in the absence of any pH regulation ( ΔH cyt
).
There are only two unknown parameters, namely the buffer
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Fig. 5 Initial rate of cytosolic pH recovery (ΔpHcyt/Δt in min−1) as a
function of pH at the end of acetate perfusion, pHP. Data points
(open circles; Table 1) resulted from pH recordings (Fig. 2).
Calculated points (closed circles) were obtained with Eqns 5 and 8 for
Vcyt/A = 6.3 µm, P = 3.3 10−7 m s−1, β = 30 mM, tR = 500 s,
pHS = pHStart = 7.2 and eff = 0.0353 min−1. Open triangles indicate
how calculated points change when β and tR are changed by 20%.

capacity of the cytosol, β, and the permeability, P, of the
plasma membrane for weak acid.
To estimate these two unknown parameters, the initial rates
of acidification – when acetate perfusion was started – and the
initial rates of re-alkalinization – when acetate perfusion was
stopped – were analyzed. The initial rate of acidification contains information about how quickly AcH can enter the cell
(i.e. the permeability, P) and how well the cytosol is buffered
(i.e. the buffer capacity, β). The rates of acidification given in
Table 1 were measured over the first 2 min, which is about 10
times more than the time interval for complete exchange of
the bath solution. However, Fig. 3 indicates that measuring
after 2 min results in an underestimation of the acidification.
Therefore, the exponential fit from Fig. 3 was used to correct
acidification rates by multiplication with a factor of 1.185
(ΔpHP(t = 0 min)/ΔpHP(t = 2 min) = −1.41/−1.19 = 1.185).
As seen in Fig. 4, the initial rate of acidification is linearly
related to the external concentration of acetic acid, AcHout. This
is expected from Eqn 6. At the moment when perfusion is
started the total acetate concentration in the cytosol, Actot, is
still zero. For Actot = 0, Eqn 6 becomes:

dpH cyt
dt

=

− AcH out
P ⋅ A − AcH out P ⋅ A
. Eqn 7
⋅
≈
⋅
Vcyt
β
(1 + 10 pK − pH )β Vcyt

With pK = 4.75 and pH = 7.2 the term 1 + 10pK−pH (= 1.0035)
comes very close to one, and can thus be disregarded. Plotting
the initial rate of acidification, ΔpHcyt/Δt, against AcHout in
Fig. 4 results in a straight line with a slope of –P A/(βVcyt).
With a slope of −0.1048 min−1 mM−1, one can calculate
P A/Vcyt = 1.747 10−3 s−1 mM−1 β, or with Vcyt/A = 6.3 µm,
P = 11 10−9 m s−1 mM−1 β. This reduces two unknown
parameters to one.
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The plot of ΔpHcyt/Δt against AcHout is linear – as expected
(Fig. 4). However, the regression line does not go through the
origin but has a significant, positive offset of +0.0353 min−1.
Obviously, a constant offset in the absence of any cytosolic acidification (AcHout = 0) does not make sense because it would result
in a constant alkalinization of the cytosol. This positive offset
can be explained by a pH regulation mechanism, which is activated at small cytosolic acidifications (AcHout = 0.59 mM) and
removes H+ from the cytosol at a constant rate (0.0353 min−1).
The initial rate of re-alkalinization – at the moment when
acetate perfusion is stopped – contains information about cytosolic pH regulation, at maximum cytosolic acidification. As
the question is how cytosolic pH regulation reacts to a certain
pH deviation, the initial rate of re-alkalinization, ΔpHcyt/Δt,
was plotted against the minimum pH, pHP, at the end of the
acetate perfusion period (Fig. 5). This plot shows that the larger
the acidification of the cytosol, the larger the rate of pH recovery,
indicating a proportional pH regulation mechanism.
To account for the two different cytosolic pH regulation
mechanisms indicated by Figs 4 and 5, two terms are added
to Eqn 6:

dpH cyt
dt

Ac tot
⎛
⎞
=⎜
− AcH out ⎟ ⋅
pH − pK
+
1
10
)
⎝
⎠
1 + 10 pK − pH
⋅
(ln(10) ⋅10 pK − pH ⋅ Ac tot ) + (1 + 10 pK − pH )2 ⋅ β
P ⋅ A pH S − pH (t )
+
+ eff .
Vcyt
tR
Eqn 8

The term eff reflects the pH regulatory mechanism that removes
H+ from the cytosol at a constant rate – according to Fig. 4,
eff = 0.0353 min−1. The term (pHS – pH(t))/tR describes the
proportional pH regulation indicated by Fig. 5. Cytosolic pH
recovery is proportional to the difference between the actual
pH value, pH(t), and a ‘set point’ value, pHS. The rate of pH
recovery is given by the proportional factor or time constant
tR, with smaller values for higher rates of pH regulation.
The mathematical model given by Eqns 5 and 8 describes
the cytosolic pH change caused by a weak lipophilic acid including two simple pH regulatory mechanisms. This model includes
three parameters – β, P and tR – that need to be estimated. From
Fig. 4, P = 11 10−9 m s−1 mM−1 β was calculated, reducing it
to two unknown parameters.
Reasonable values for β and tR were estimated by applying
the mathematical model with different sets of values for β and
tR. Eqns 5 and 8 were used to calculate pHP and Actot for the
end point of the four different perfusion regimes (Fig. 2) with
different values for β and tR. The resulting pHP and Actot values
were used to calculate the corresponding ΔpHcyt/Δt values
immediately after acetate perfusion was stopped (Eqn 8 with
AcHout = 0). This was repeated with different values for β and
tR, and the quadratic deviation between measured and calculated
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Fig. 6 The time course of cytosolic pH changes upon perfusion of
different acetate concentrations was calculated using Eqns 5 and 8 for
Vcyt/A = 6.3 µm, P = 3.3 10−7 m s−1, β = 30 mM, tR = 500 s,
pHS = pHStart = 7.2 and eff = 0.0353 min−1.

values (Fig. 5) for pHP and ΔpHcyt/Δt was calculated. The values
for β and tR were systematically varied to minimize the quadratic deviation. For β = 30 mM and tR = 500 s the quadratic
deviation had a minimum and the set of values calculated
(closed circles) for both pHP and ΔpHcyt/Δt came very close to
the experimentally determined values (open circles) at all four
acetate concentrations (Fig. 5). With β = 30 mM the relation
obtained from Fig. 4, P = 11 10−9 m s−1 mM−1 β, resulted in
P = 3.3 10−7 m s−1.
The mathematical model was validated by inserting the
complete set of parameters (A = 0.071 mm2, Vcyt = 0.45 nl, P =
3.3 10−7 m s−1, β = 30 mM, tR = 500 s, and eff = 0.0353 min−1)
into Eqns 5 and 8 to calculate the time course of acetateinduced cytosolic pH changes in Eremosphaera. These calculated
pH traces (Fig. 6) display all the characteristic features of
recorded pH traces (Fig. 2). The main difference seems to be
a low pass filtering of the recorded pH traces, as a result of the
time it takes to exchange the bath solution (10–15 s) and because
of the response time of ion-sensitive microelectrodes (2–4 s).
The re-alkalinization of the calculated traces approaches pH
values of > 7.5, as a result of the pH regulation by constant H+
removal – represented by eff. In Fig. 6 the re-alkalinization phase
is cut off as soon as pHcyt = pHStart = 7.2 is reached. It can be
assumed that the constant H+ removal stops (eff = 0) as soon as
a physiological pH or a certain set point in the cytosol is reached.
This would explain the biphasic re-alkalinization frequently
observed – at the moment the eff component is ‘switched off ’
the slope of the re-alkalinization phase is decreased. The mathematical model (Eqns 5 and 8) qualitatively describes the time
course of the acetate-induced cytosolic pH changes (Fig. 6) and
quantitatively describes the amplitude of those changes as well
as the initial acidification and re-alkalinization rates (Fig. 5).
Values for cytosolic acidification, pHP, the cytosolic concen− , and the cytosolic concentration of deprotonated acetate, Ac cyt
tration of acetic acid, AcHcyt, at the end of acetate perfusion
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Table 2 Calculated values for the cytosolic acidification, pHP, the cytosolic concentration of deprotonated acetate,
concentration of acetic acid, AcHcyt

[Acetate]

AcHout
(mM)

1 mM
2 mM
4 mM
10 mM

0.59
1.17
2.34
5.8

− , and the cytosolic
Ac cyt

pHP

−
Ac cyt

(mM)

AcHcyt
(mM)

Percentage H+
buffered

Percentage H+
proportional regulation

Percentage H+
constant efflux

7.12
6.80
6.44
6.05

44.89
45.23
45.17
45.80

0.19
0.40
0.92
2.28

5.0
26.3
50.3
75.1

23.4
38.0
31.0
16.7

70.8
35.1
17.6
6.9

Values were calculated, using Eqns 5 and 8, for the end point of the different acetate-perfusion times with Vcyt/A = 6.3 µm, P = 3.3 10−7 m s−1,
−
β = 30 mM, tR = 500 s, pHS = pHStart = 7.2 and eff = 0.0353 min−1. The percentage of H+ buffered were calculated using (ΔpHP β)/ Ac cyt
+
− ), the percentage of H+ removed by proportional pH regulation were calculated using
(assuming the total proton load H cyt
= Ac cyt
Eqns 5 and 8, and the percentage of H+ removed by constant efflux were calculated by multiplying the constant pump rate of 0.0353 min−1
with buffer capacity, β, and perfusion time.

during the different perfusion regimes. The higher the acetate
concentration (and the shorter the corresponding perfusion time),
the higher the proportion of H+ that are bound by cytosolic
buffers and the smaller the proportion of H+ that are removed
from the cytosol by pH-regulatory mechanisms – proportional
regulation or constant efflux (Table 2). However, even at
3 min of perfusion with 10 mM acetate, approx. 25% of H+
are not bound by cytosolic buffers, but are removed by
other pH-regulatory mechanisms.
The contribution of the vacuole to pH regulation

Fig. 7 Effect of acetate on membrane potential, E, and on vacuolar pH
value, pHvac. Starting from an external pH of 5.6, the external pH was
decreased to pH 4.6 and then acetate (1 mM for 20 min, top, or
10 mM for 3 min, bottom) was added.

were calculated (Table 2). The values obtained showed that the
original concept of constant acetate doses generally holds – the
+
− )
total concentration of H+ loaded into the cells ( H cyt
= Ac cyt
differed by < 1 mM (2%). Even with perfusion times of 30 min
(1 mM acetate), equilibrium was not reached (Table 2). For all
four perfusion regimes, the cytosolic AcH concentration was less
than half of the external concentration. This demonstrates that
reaching a stable or maximum cytosolic pH does not imply that
equilibrium (AcHcyt = AcHout) has been reached. The mathematical model was also used to calculate to what extent different
pH-regulatory mechanisms contribute to pH homeostasis
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To determine what might be the contribution of the vacuole to
short-term cytosolic pH regulation, vacuolar pH was measured
during acetate perfusion. The acidification of the cytosol caused
by acetate was accompanied by vacuolar acidification (Fig. 7).
The maximum vacuolar acidification, up to 0.6 pH units, varied
little (less than a factor of two) between the four different acetate
perfusion regimes. The acidification of the vacuole continued
for a few minutes after the perfusion of acetate was stopped
(Fig. 7). The rate of pH recovery was generally low, and pH
recovery was not complete during the time of the recording.
The maximum rate of acidification was linearly related to the
acetate concentration applied, being −0.020 ± 0.002 (n = 4),
−0.041 (n = 1), −0.080 (n = 1) and −0.16 ± 0.03 min−1 (n = 4)
at 1, 2, 4 and 10 mM acetate, respectively.
Two observations indicated that the recorded vacuolar pH
changes are caused by pH regulation and do not simply result
from passive distribution of AcH. (1) Acidification of the vacuole
began almost immediately after starting acetate perfusion –
parallel to the cytosolic acidification, at a time when the cytosolic
AcH concentration was still very low. (2) The observed acidification is too large to be explained by passive AcH distribution
between cytosol and vacuole (see Notes S2). Yet, a small part
of vacuolar acidification is probably caused by passive AcH influx
from the cytosol. This raises the question of whether active H+
uptake into the vacuole is part of the proportional pH regulation (term (pHS –pH(t))/tR in Eqn 8) or the constant H+ efflux
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(eff in Eqn 8), or both. Constant H+ efflux into the vacuole
would result in the same rate of acidification at all four acetate
concentrations, and an increasing maximum acidification with
increasing perfusion times. This is clearly not the case for the
vacuolar acidification observed here (Fig. 7). The linear increase
in the rate of acidification with acetate concentration is expected
for a proportional pH-regulatory mechanism (Table 2). It can
therefore be concluded that the proportional pH-regulatory
mechanism (term (pHS – pH(t))/tR in Eqn 8) reflects H+ pumping from the cytosol into the vacuole. A vacuolar acidification
of up to 0.6 pH units (Fig. 7) at a vacuolar buffer capacity of
βvac = 10 mM corresponds to the uptake of 6 mM H+. At a
volume ratio of 1:3 between cytosol and vacuole, 6 mM vacuolar
H+ are equivalent to 18 mM cytosolic H+. In relation to the
concentration of Ac− (approx. 45 mM) that accumulates in the
cytosol (Table 2), this means that up to 40% of the H+ load of
the cytosol are pumped into the vacuole. This corresponds
approximately to the maximum contribution estimated for the
proportional pH regulation (Table 2).
The contribution of the plasma membrane H+-ATPase to
pH regulation
The correspondence of H+ pumping into the vacuole with the
proportional pH-regulatory mechanism raises the question of
which transport process is responsible for the constant efflux
component. H+ pumping out of the cell by the plasma membrane H+-ATPase could be responsible for this part of pH
regulation. However, there is evidence showing that the plasma
membrane H+-ATPase is activated by cytosolic acidification with
a maximum ATPase activity of approx. pH 6.6 (Kurkdjian &
Guern, 1989; Lanfermeijer & Prins, 1994). This seems at
variance with the assumption of a constant (i.e. largely pH
independent) H+ efflux carried by the plasma membrane H+ATPase of Eremosphaera. Yet, while ATP hydrolysis measurements show pronounced pH dependence, the pH dependence
of H+ pumping is far less pronounced – especially for mesophyll
cells (Becker et al., 1993). Moreover, heterologous expression
of tobacco (Nicotiana plumbaginifolia) plasma membrane H+ATPases in yeast (Saccharomyces cerevisiae) demonstrated that
different isoforms have different pH dependence (Luo et al.,
1999), and single point mutations can change pH dependence
and H+-ATPase activity (Morsomme et al., 1996). It therefore
seems reasonable to assume that the plasma membrane H+ATPase(s) of Eremosphaera in adaptation to the acidic environment (Sphagnum bogs) may show a high – and largely constant
– pump activity already at relatively small cytosolic acidification. The size of the constant efflux, eff = 0.0353 min−1 (Fig. 4),
can be recalculated into a pump current of 766 pA or
1.1 µA cm−2 (β = 30 mM, Vcyt = 0.45 nl, A = 0.071 mm2).
This pump current is comparable in amplitude to maximum
plasma membrane H+-ATPase pump currents measured using
Vicia faba mesophyll cells of 1.2 ± 0.2 µA cm−2 (Lohse &
Hedrich, 1992).
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Fig. 8 Effect of acetate on membrane potential, E, and on cytosolic K+
(a) and Na+ (b) activities. (a) Perfusion of acetate (4 mM for 7.5 min,
or 10 mM for 3 min; pH 4.6) resulted in depolarization of the plasma
membrane and a decrease in cytosolic K+ activity. (b) Complete
perfusion protocol for a cytosolic Na+ activity recording. Starting at pH
5.6, transient darkening (black and white bar gives illumination
protocol) resulted in a slight decrease of cytosolic Na+. Changing the
pH to 4.6 caused depolarization of the plasma membrane and increase
in cytosolic Na+. Perfusion of 10 mM acetate caused a further
depolarization and a reversible decrease of cytosolic Na+.

Compensating ion fluxes
The mathematical model shows that between 25% (10 mM
acetate) and 95% (1 mM acetate; Table 2) of the H+ loaded
into the cytosol are removed by being pumped into the vacuole
or out of the cell. Which ion fluxes do electrically compensate
these significant H+ fluxes?
Cytosolic K+ activity was measured using ion-selective microelectrodes. Perfusion of acetate resulted in a decrease of the
cytosolic K+ activity, [K+]cyt (Fig. 8a). During acetate perfusion,
[K+]cyt decreased from 183 ± 5 mM to 152 ± 8 mM (4 mM
acetate, n = 7) or from 187 ± 6 mM to 146 ± 7 mM (10 mM
acetate, n = 9; the concentrations were calculated from recorded
activities with an activity factor of 0.715). After stopping acetate
perfusion, within a few minutes the [K+]cyt had again increased
by 10 to 20 mM (Fig. 8a). The decrease in [K+]cyt recorded
during acetate perfusion is probably caused by passive K+ efflux.
Because of a high cytosolic K+ activity, the electrochemical
potential gradient for K+ favors efflux. An increased conductance
of the plasma membrane for K+ is expected to hyperpolarize
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Fig. 9 Effect of acetate on membrane potential, E, and membrane
resistance, R. Small potential spikes resulting from current injection
every 10 s were removed from membrane potential recordings.
(a) Perfusing 10 mM acetate for 3 min resulted in depolarization
of the plasma membrane accompanied by a decrease in membrane
resistance. (b) Perfusing 10 mM acetate for 20 min first induced
three transient hyperpolarizations before the typical depolarization
and decrease in resistance of the plasma membrane was observed.
Perfusing 100 mM ethacrynic acid (EA) reversibly repolarized the
plasma membrane and increased the membrane resistance.

the membrane, as it is seen in the transient hyperpolarizations
in Fig. 9. The observed depolarization of the plasma membrane
therefore has to be caused by an increased conductance for other
ions. The partial recovery of cytosolic K+ activity after stopping
acetate perfusion is probably caused by K+ release from the
vacuole, which electrically counterbalances electrogenic H+
pumping into the vacuole. The duration of this increase in
[K+]cyt coincides with the continuing vacuolar acidification after
stopping acetate perfusion (Fig. 7). Active uptake of K+ across
the plasma membrane would be accompanied by a parallel
uptake of H+, which should slow down the pH recovery of the
cytoplasm. It had been postulated earlier that because of existing
ion gradients, electrogenic transport processes across the vacuolar
membrane are probably electrically compensated by K+ fluxes
(Bethmann et al., 1995). It seems likely that H+ transport into
the vacuole is electrically compensated by K+ efflux from the
vacuole, and when acetate perfusion was stopped, the ongoing
pumping of H+ into the vacuole (Fig. 7) gave rise to the observed
[K+]cyt recovery (Fig. 8a).
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Cytosolic Na+ activity was measured using ion-selective microelectrodes. Changing the external pH from 5.6 to 4.6 caused
an increase of the cytosolic Na+ activity, [Na+]cyt, by 3–4 mM
(Fig. 8b, Table S1). By contrast, perfusion of acetate resulted in
a decrease of [Na+]cyt (Fig. 8b). During perfusion of 10 mM
acetate (3 min), [Na+]cyt decreased from 8.1 ± 1.6 mM (n = 10)
to 3.2 ± 1.2 mM (n = 5). After acetate perfusion was stopped,
[Na+]cyt increased again and partially recovered (Fig. 8b). The
increase in [Na+]cyt recorded at pH 4.6 is probably caused by
passive Na+ influx. As a result of a relatively small concentration
gradient ([Na+]out = 0.4 mM), the electrochemical potential
gradient for Na+ favors influx at physiological membrane
potentials. Passive Na+ influx can electrically compensate H+
pumping out of the cell. The observed decrease of [Na+]cyt during
acetate perfusion was unexpected and indicates that Na+ uptake
does not contribute to compensate electrogenic H+ efflux driven
by the plasma membrane H+-ATPase. Instead, Na+ was removed
from the cytosol – parallel to H+. The partial recovery of [Na+]cyt
after stopping acetate perfusion can be explained by passive Na+
uptake or by Na+ release from the central vacuole.
With K+ and Na+ not contributing to the electrical compensation of H+ pumping out of the cell, which ions do electrically
compensate H+ export and what causes the depolarization during acetate perfusion? An increase in the conductivity of the
plasma membrane for anions, resulting in anion release from
the cytosol, could explain both. As it is not clear which anions
might be transported, and because anions are hard to measure
directly using ion-selective microelectrodes, a more indirect
pharmacological approach was used. The membrane potential
and the membrane resistance were measured using two impaled
microelectrodes. Changing the external pH from 5.6 to 4.6
caused a slight depolarization and a decrease in membrane
resistance (Fig. 9a, Table S1). Perfusion of 10 mM acetate
(3 min, Fig. 9a) caused depolarization of the plasma membrane and a parallel decrease of the membrane resistance to
12 ± 1 MΩ (n = 8). Obviously, the depolarization of the plasma
membrane observed during acetate perfusion (Figs 2, 7–9)
was caused by an increase in membrane conductance. To
elucidate this membrane conductance further, different inhibitors were applied. A concentration of 10 mM acetate was
perfused and when the maximum depolarization was reached
an additional inhibitor was perfused (Fig. 9b). Addition of
400 µM AlCl3 (n = 3) or 50 µM ZnCl2 (n = 5) had no significant effect on membrane potential or resistance. Addition of
100 µM ethacrynic acid (n = 4) rapidly hyperpolarized the
membrane potential and increased the membrane resistance.
This effect of ethacrynic acid was fully reversible (Fig. 9b).
When 10 mM acetate and 400 µM ethacrynic acid were perfused together for 6 min, membrane resistance either did not
change or slightly increased, and instead of a depolarization a
slight hyperpolarization of the plasma membrane was observed.
Ethacrynic acid is a well-established inhibitor of plant anion
channels (Lunevsky et al., 1983; Schauf & Wilson, 1987;
Tyerman, 1992). Probably, the H+ pumped out of the cell
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carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF)–dextran
in the presence of different butyrate concentration (Plieth
et al., 1997) showed the same amplitudes and kinetics as
recorded in this study with acetate (Fig. 2). This indicates that
the effects of acetate described here are caused by cytosolic
acidification, while the effects on metabolism are negligible.
This is in good agreement with earlier results on the effect of
different weak lipophilic acids (Frachisse et al., 1988).
The cytosolic buffer capacity, β, of plant cells

Fig. 10 Scheme of three different pH-regulatory mechanisms in a
green plant cell. Influx and deprotonation of acetic acid (AcH) resulted
in acidification of the cytosol (top). ➀ Binding of H+ to buffer
substances attenuates cytosolic acidification. ➁ Vacuolar proton
pumps remove H+ from the cytosol in a proportional manner – the
larger the acidification the higher the pump rate. Uptake of H+ into the
vacuole is electrically compensated by K+ release. ➂ The plasma
membrane H+-ATPase removes H+ from the cytosol at a constant
pump rate – triggered by cytosolic acidification. H+ efflux out of the
cell is electrically compensated by parallel anion efflux. K+ and Na+ are
released from the cell to adjust osmolarity. H+ pumps are depicted
differently from K+ and An− channels to indicate active and passive
transport, respectively. AcH is believed to cross the plasma membrane
by simple diffusion. The export of Na+ is either active or, when the
membrane is depolarized enough, can be passive.

during acetate perfusion are electrically compensated by parallel
passive anion efflux.
Taken together (Fig. 10), our results indicate that H+ pumping into the vacuole is electrically compensated by K+ release
from the vacuole (Figs 7, 8a), while H+ pumping out of the cell
is electrically compensated by parallel anion efflux (Fig. 9b).
This raises the question of why there is such a considerable
release of ions during acetate perfusion. Probably K+, Na+ and
anions are released from the cell to achieve osmotic adjustment.
The uptake of about 45 mM AcH (Table 2) during acetate
perfusion increases the osmolarity of the cytosol. Perfusion of
acetate not only results in acidification of the cytosol but also
in a significant increase in osmolarity (Table 2). It seems plausible that the release of K+ (30–40 mM) and Na+ (approx.
3 mM), together with anion efflux, compensate for this increase
in osmolarity (Fig. 10).

Discussion
Acetate was used as weak lipophilic acid in this study.
Control experiments with propionate gave very similar results.
Cytosolic acidification of E. viridis recorded using 2′,7′-bis-(2-
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The cytosolic buffer capacity (i.e. the amount of H+ binding
by cytosolic buffering groups) was determined in this study to
β = 30 mM for Eremosphaera. This corresponds to values determined by titration (Pfanz & Heber, 1986; Reid et al., 1989b;
Takeshige & Tazawa, 1989) or gas-exchange and fluorescence
methods (Oja et al., 1999) for a variety of green plant cells. By
contrast, the published values for β determined using weak
acids range from 50 to 160 mM (Frachisse et al., 1988; Grabov
& Blatt, 1997; Plieth et al., 1997). As described in the Results,
when analyzing experiments that have used weak acids (Eqn 1),
it is usually assumed that AcH rapidly equilibrates (AcHcyt =
AcHout; Fig. 1), and pH regulation is usually not taken into
account. Our analysis demonstrates that this approach is too
simple (Table S2). Even at perfusion times as short as 3 min,
there is considerable pH regulation (25%, Table 2). Even after
perfusion times as long as 30 min there is no equilibrium reached
between external and cytosolic AcH (Table 2). Recording a stable
cytosolic pH (Fig. 2) does not mean equilibrium between
external and cytosolic concentrations of weak acid, but equilibrium between acidification by AcH influx and pH regulation.
In Eremosphaera, with a low permeability for acetic acid and a
relatively small surface to volume ratio, reaching equilibrium
between external and internal AcH is expected to take especially
long. Yet, measurements on Acer pseudoplatanus suspension cells
(Guern et al., 1986) showed the same phenomenon. When
incubated with 50 mM propionate (pH 6.5) maximum acidification was observed after 1.5 min when < 50% of the equilibrium concentration of radioactive propionate had been taken
up. From these data, β = 30 mM was calculated (Guern et al.,
1986), in perfect agreement with the data presented here.
Assuming equilibrium (AcHcyt = AcHout) has been reached, while
it has not, results in an overestimation of cytosolic buffer capacity.
This is probably one reason why buffer capacities calculated
from perfusion with weak acids are usually overestimated. The
other reason is neglecting ongoing pH regulation. Some authors
mention that buffer capacities calculated from experiments
carried out using weak acids contain a ‘dynamic’ component
(Grabov & Blatt, 1997; Plieth et al., 1997). Yet, we think that
it is preferable to separate H+ buffering by passive ion exchange
(i.e. β s.s.) from pH regulation caused by active H+ transport.
The mathematical model introduced here allows this separation.
A value of β = 30 mM reflects the cytosolic buffer capacity of
most plant cells.
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The permeability, P = 3.3 10−7 m s−1, of the plasma membrane for acetic acid (AcH) estimated here is at the lower end
of published values. The permeability of the plasma membrane
for radioactive acetic acid was estimated to P = 9.6 10−7 m s−1
for Chara corallina (Reid et al., 1989a), to P = 30 10−7 m s−1
for Dunaliella parva (Gimmler & Hartung, 1988) and to P = 9.1
10−7 m s−1 for Spinacea oleracea (Gimmler et al., 1981). The
relatively low permeability calculated for Eremosphaera might
reflect an adaptation to the rather acidic environment in which
this green alga is living.
Proton pumps involved in pH regulation
Our analysis indicates that both vacuolar H+ pumps and plasma
membrane H+ pumps are involved in short-term pH regulation.
The importance of vacuolar H+ uptake for short-term cytosolic
pH regulation has been established for different plant species
(Heber et al., 1994; Romani et al., 1996; Frohnmeyer et al.,
1998). When discussing the role of plasma membrane H+ATPases in short-term cytosolic pH regulation, one has to keep
in mind that Eremosphaera is a unicellular alga. For a unicellular
organism in an aquatic environment H+ extrusion by the plasma
membrane H+-ATPase is a ‘reasonable option’. By contrast, in
a multicellular plant tissue, H+ excretion into the apoplast might
not be a ‘reasonable option’ because the buffer capacity of the
apoplast is usually low (Oja et al., 1999; Felle & Hanstein, 2002)
and H+ excretion could cause deleterious acidification. In single
algal cells (Reid et al., 1989b), in suspension cells (Mathieu et al.,
1986), in isolated protoplasts (Trofimova, 1992), or in aquatic
plants without a defined apoplast (Beffagna & Romani, 1991),
plasma membrane H+-ATPases have been shown to play an
important role in short-term cytosolic pH regulation, while in
plant tissues of land plants with a defined apoplast the plasma
membrane H+-ATPase seems to play a minor role in short-term
pH regulation (Oja et al., 1999; Felle, 2001). The observation
that slight cytosolic acidification significantly activates plasma
membrane H+-ATPase proton pumping can probably be
explained as an adaptation of Eremosphaera to its acidic
environment.

concentrations of weak lipophilic acid, uptake of monovalent
cations was observed. This was interpreted as K+/H+ or Na+/
H+ exchange (Marre et al., 1983; Mathieu et al., 1986), which
would allow electroneutral H+ extrusion from the cell. There
is no evidence for K+ or Na+ uptake during pH regulation in
Eremosphaera, and the existing electrochemical driving forces
rule out Na+-driven H+ extrusion (ΔµH = −250 mV, ΔµNa =
−20 mV) and make K+-driven H+ extrusion (ΔµK = +80 mV)
rather unlikely.
In addition to the ion fluxes that electrically counterbalance
H+ pumping, there are indications for a pronounced salt release
(approx. 3 mM Na+ and 30–40 mM K+) during pH regulation in the presence of weak lipophilic acids. The reason for
this salt release is probably osmotic adjustment to compensate
for the considerable amount of acetate taken up (approx. 45 mM
under the experimental conditions described here) (Table 2).
Moreover, the binding of H+ by cytosolic buffers results in the
release of cations – via cation exchange – from those buffers,
which can also increase the osmolarity of the cytosol. The
transient membrane hyperpolarizations that were sometimes
observed when 10 mM acetate was perfused (a small one in
Fig. 8b, and two large ones in Fig. 9b) are probably caused by
an increase in the cytosolic Ca2+ activity as a result of cation
exchange (Plieth et al., 1997). It is well established that an
increase in cytosolic Ca2+ in Eremosphaera results in the opening
of plasma membrane K+ channels, giving rise to the observed
transient hyperpolarization (Bauer et al., 1998a,b; Schönknecht
& Bethmann, 1998) and decrease in membrane resistance, R
(Fig. 9b). Incubating plant cells with millimolar concentrations
of weak acids not only affects cytosolic pH but also causes considerable increase in osmolarity. In this context, the observation
that millimolar concentrations of butyrate prevent or reduce
abscisic acid (ABA)-induced stomatal closure might indicate
that cytosolic alkalinization, which is prevented by the butyrate
‘pH clamp’, is an essential signaling step (Blatt & Armstrong,
1993; Wang et al., 2001; Li et al., 2006). Yet, the increase
in osmolarity caused by the uptake of significant amounts
of butyrate seems likely also to affect stomatal closure.
Energy demand of pH regulation

Compensating ion fluxes during pH regulation
H+ transport into the vacuole is probably electrically compensated by cation (K+ and Na+) release, while H+ transport out
of the cell is likely to be electrically balanced by parallel anion
efflux (Fig. 10). Membrane depolariziation has been observed
in Chara corallina, upon cytosolic acidification by weak acids
(Reid et al., 1989b), which is caused by pH-dependent Cl− efflux
(Johannes et al., 1998). In roots hairs of Sinapis alba (Felle,
1987), and for rhizoid cells of the liverwort Riccia fluitans
(Frachisse et al., 1988), low concentrations of lipophilic weak
acids cause a hyperpolarization of the plasma membrane
followed by a slow depolarization, while higher concentrations
cause an immediate depolarization, as seen here (Fig. 2). At low
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With the mathematical model it becomes possible to compare
the ATP production, as measured via respiration rates, to the
theoretical ATP consumption required for the calculated H+
pumping. Dark respiration rates doubled from 1.4 to 2.8 mol
O2 (mol Chl h)−1 under perfusion of 10 mM acetate (at pH
4.6). With 13 mM chlorophyll (in relation to volume of
cytoplasm), and assuming an output of 5 ATP/O2 during
respiration, the calculated ATP synthesis rate doubles from 1.5
to 3.0 mM ATP min−1 (in relation to the volume of cytoplasm,
0.45 nl) under 10 mM acetate. Compared with this, the
constant H+ efflux, eff = 0.0353 min−1, at β = 30 mM yields a
pump rate of 1.06 mM H+ min−1. With a stoichiometry of 1
ATP/H+ for the plasma membrane H+-ATPase (Briskin &
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Hanson, 1992) this means that approx. 1 mM ATP min−1 is
hydrolyzed to drive the constant H+ efflux out of the cell. The
average pump rate for the proportional pH regulation is
calculated as 0.35, 1.14, 1.87 and 2.55 mM H+ min−1 for 1,
2, 4 and 10 mM acetate, respectively. With a stoichiometry of
3.4 ATP/H+ for the vacuolar H+-ATPase (calculated from Fig. 4
of Kettner et al. (2003) with pHcyt – pHvac = 2.2), between 0.10
and 0.75 mM ATP min−1 (at 1 and 10 mM acetate, respectively)
are hydrolyzed to energize the proportional pH regulation by
vacuolar H+ uptake. These calculations show that ATP production by respiration does increase, from 1.5 to 3.0 mM
ATP min−1, to cope with the significant ATP demand for H+
pumping, of up to 1.75 mM ATP min−1 at 10 mM acetate.
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